Introduction
Deoxyribonucleic acid (DNA) plays an important role in the life process, because it bears heritage information and instructs the biological synthesis of proteins and enzymes through the replication and transcription of genetic information in living cells. However, DNA molecules are prone to be damaged under various conditions, such as radiation or interactions with some other molecules; this damage would probably lead to various pathological changes in living organisms. Studies on the binding mechanism of some small molecules with DNA have consequently been a hot topic during the past few tens of years, [1] [2] [3] [4] [5] since it is of great help to understand the structural properties of DNA, the mutation of genes, the origins of some diseases, the action mechanisms of some antitumor and antivirus drugs and, therefore, to design new and more efficient DNA-targeted drugs to deal with genetic diseases. Additional, it also helps us to seek new probes for nucleic acid analysis.
According to the native properties of small investigated molecules, a variety of methods, including molecule spectroscopic methods, such as UV/visible, 6 fluorescence, 7 IR, 8 and Raman spectroscopy, 9 as well as electrochemical methods. [10] [11] [12] [13] For instance, cyclic voltammetry, differential pulse voltammetry and chronocoulometry have been successively employed to study these interactions. Among spectroscopic methods, UV-visible spectroscopy and fluorescence spectroscopy are popularly applied, in which most work is based on a hypochromic or hyperchromic effect of an interaction system. Some dye molecules, such as neutral red, 14 methylene blue, 15 azure B, 15 ethidium bromide 16, 17 and its derivatives et al., porphyrin compounds, 18 antibiotics, 5 and antitumor and antivirus drugs, 19 have been thoroughly investigated.
Compared with spectroscopic methods, electrochemical methods are obviously characterized by their simplicity, reliability and particularly the need for small nucleic acid samples when using surface electrochemical techniques.
DNA is a polyanion; its structure consists of two helical DNA chains coiled around the same axis to form a right-handed double helix.
The hydrophilic backbones of alternating deoxyribose and negatively charged phosphate groups are on the outside of the double helix. The purine and pyrimidine bases of both strands are stacked inside the double helix, with their hydrophobic and nearly planar ring structures very close together and perpendicular to the long axis of the helix. The major grooves and minor grooves formed in the DNA structure are often binding sites for extraneous small molecules. According to the strength of the interaction, the binding of DNA with these molecules can be differentiated into strong interactions and weak electrostatic attractions. The intercalation into a DNA strand, hydrogen bonding, mutual association of hydrophobic regions between the ligands and DNA strand are typical examples of strong interactions; the binding of some cations with DNA can often be caused by electrostatic interactions. However, in most cases, the interactions between DNA and small molecules often result from combinations of several kinds of binding forces. Dopamine (DA) is an important chemical transmitter and adrental medullar hormones at the terminals of sympathetic nerves. Because it has odiphenol groups in its structure, it may induce DNA breakage with the existence of some metal ions. 20 Recent research has also reported that DA has an antitumor activity, and can cause the apoptosis of cells. [21] [22] [23] For this reason, making thorough studies on the interaction between DA and DNA molecules is of great significance to further understand their binding features and to discover the origins of its biological activity. Therefore, in this work, fluorescence, UV-visible absorption, CD It has recently been reported that dopamine may show some biological activities in antitumor and cell apoptosis. We have thoroughly investigated the interaction between dopamine and DNA by CD, UV, fluorescence and electrochemical methods. The results of spectroscopic measurements have indicated that a binding event occurs in a dopamine-DNA system. Besides the electronstatic interaction between a negatively charged DNA molecule and a positively charged dopamine molecule, other binding modes, such as hydrogen-bond and intercalation may also exist in this system. The interaction parameters, including the equilibrium constant and binding numbers, were estimated by an electrochemical method based on the redox current and formal potentials. Both of the two calculation methods showed that the 1:1 type of complex was formed in the dopamine-DNA system and that its equilibrium constant was about 5.85 × 10 6 M -1 . Based on the results of UV, fluorescence and electrochemical experiments in the present study, dopamine may be employed as an effective probe for a DNA assay. spectroscopy and electrochemical methods were employed in an attempt to obtain more information about their binding process from the viewpoint of molecule structure and the electrontransfer behaviors of DA.
Experimental

Reagents and chemicals
Herring sperm DNA and DA were purchased from Sigma, and were used as received. The concentration of DNA was presented by the concentration of the phosphate groups, and the concentration of stock solutions was determined spectrophotometrically using an extinction coefficient of 6600 M -1 cm -1 at 260 nm. Its purity was judged by the absorbance ratio of A260/A280. The denaturation of DNA was achieved by heating a ds-DNA solution in a water bath at about 100˚C for 15 min, followed by rapid cooling in an ice bath. PBS served as a buffer solution with the following composition: NaCl (136.7 × 10 -3 M), KCl (2.7 × 10 -3 M), Na2HPO4·12H2O (9.7 × 10 -3 M) and KH2PO4 (1.5 × 10 -3 M), pH=7.4. All of the solutions were prepared with doubly distilled water; other chemicals were of analytical grade.
Apparatus
Fluorescence experiments were performed on a PE spectrofluorometer with 4 nm slit-width; UV-visible absorption spectra were recorded with a Shimadzu UV-265 spectrophotometer, and normalized for a 1 cm path length; CD spectra were measured on a JASCO J-600 spectropolarimeter using 1-cm corvettes. The spectra were recorded in triplicate from 200 to 320 nm and automatically averaged; the background signal was electronically subtracted. Electrochemical experiments were all carried out on a CHI 660A electrochemical workstation. A three-electrode system was used for the measurements, where a pyrolyte graphite electrode with a surface area of 0.1 cm 2 was employed as a working electrode; a platinum wire and a saturated calomel electrode (SCE) were used as counter and reference electrodes, respectively. All of the related experiments in the present studies were performed at room temperature.
Results and Discussion
Fluorescence characteristics
Because the native fluorescence of DNA was very weak, a quantitative analysis of DNA often depended on determining of the quenching or enhancing of the fluorescence of a probe interfered by DNA. It was found in our experiment that DA yielded fluorescence at about 320 nm when excited with UV light at about 230 nm and 280 nm (as shown in Fig. 1 ). The addition of DNA led to a quenching of the DA fluorescence; the quenching at 280 nm was more serious than that at 230 nm.
Besides the obvious drop in its fluorescence intensity, the peak at 280 nm in the excitation spectra of DA shifted to the red along with the addition of DNA, but the peak at 320 nm in the emission spectra hardly shifted with the DNA. These observed phenomena indicated that a binding event occurred between DA and DNA. Because of an interaction between DA and DNA, it may induce some modification to the DA structure and, therefore, give rise to quenching of its fluorescence. Because the quenching extent of the DA-DNA system depends on the concentration of DNA, in this regard, a DNA assay could be carried out with a DA probe. A linear response curve was observed for a DNA concentration of from 0 to 35 µg/ml with a correlated coefficient (r) of 0.9967 when the concentration of DA was 2.0 × 10 -6 M.
UV and CD spectroscopic characteristics
A more detailed investigation of their interaction was made by UV spectroscopy. Figure 2 shows the UV spectra of the DA-DNA system. It was found that the maximum absorptions of free DA and DNA were located at 278 nm and 264 nm, respectively. The absorbance of DA at 278 nm increased and had a slight blue shift with increasing the concentration of DNA. In order to make sure that the absorbance of the mixture system was different from the sum values of each component, a detailed calculation of the absorbance of free DA and added DNA demonstrated that a binding event occurred between them, since ADA+ADNA is larger than ADA-DNA. This means that there was a hypochrome effect in the DA-DNA system. The characteristic absorption band of DNA was found to show up when DNA was added above a desired concentration, which revealed the emergence of excess nucleic acid in the system. The ion strength of such a system also affected the binding behaviors of DA and DNA (shown in Fig. 3) . When increasing the ion strength of the DA-DNA system by adding NaCl salt, we observed that the absorbance of the whole system at about 278 nm decreased and shifted slightly to blue. It stopped decreasing when the ion strength of such a system was sufficiently high (at about 40 mM). This implied that electrostatic interaction made some contribution to the DA-DNA system. It sounded reasonable, since DA and DNA carried different kinds of charges in the PBS buffer.
Circular dichroism (CD) was an effective method to examine the structural modification of DNA during interactions with some compounds. As shown in Fig. 4 , for a DNA solution, there emerged a positive peak at 280 nm and a negative peak at 250 nm, which was typical for a B-form DNA structure; the peak at about 220 nm was often assigned to the formation of a hydrogen bond. DA exhibited no peaks in this range. Upon the addition of DA, it caused a slight perturbance to the DNA structure. Only a slight change was observed with the peak at 280 nm, while a slight decrease was found with the negative peak at about 250 nm, and an obvious increase of the peak at 220 nm, implying that more H-bonds were formed in the DA-DNA system. When the above experiments were carried out in aqueous solutions without any salt, an obvious decrease was observed in both the positive and negative peaks of DNA. It could thus be deduced that the ion strength of the buffer may largely affect the DNA structures.
Due to the different structure properties of DA and DNA molecules, the information on the interaction mode of DA with DNA could be judged either by the properties of DNA or by DA. The results of a CD measurement indicated that the presence of DA exerted a slight influence on the structure of native DNA. The results of a fluorescence experiment showed that the addition of DNA into the DA system yielded an evident drop in the fluorescence intensity of the DA solution, but little change in the spectrum shape and peak position. Combined with the phenomenon revealed in UV measurements, it could be concluded that there was a binding event between DA and DNA, and that its binding mode belonged to the type of noncovalent binding.
Owing to the obvious change in the fluorescence and UV absorbance of DA after its interaction with DNA, DA may act as an available probe for a nucleic acid analysis with these two methods.
Electrochemical characterization
DA was a redox-active compound; its redox reaction was a proton and two electrons involved process. The electrochemical behaviors of DA were strongly influenced by the electrode materials. It has proved that a better behaved performance of DA could be observed with a pyrolytic graphite electrode. 24 As a result, a graphite electrode was employed for the following experiments.
The voltammetric behaviors of DA changed with the addition of DNA. As shown in Fig. 5 , it could be observed that with the titration of DNA, the anodic current decreased more than the cathodic current, implying that DNA had a larger influence on the electrochemical behavior of DA than its oxidized product. The anodic peak potential (Epa), cathodic peak potential (Epc), and therefore E1/2 (calculated as the average of Epc and Epa) shifted positively as well. Additionally, under a higher DNA concentration, the redox peaks of DA appeared to separate into two peaks, which was especially obvious for cathodic electrode process, which confirmed the fact that the redox reaction of DA was a two-electron involved electrode process. The dependence of the anodic peak current and the anodic peak potential on the concentration of DNA is shown in Fig. 6 . It could be found that the anodic peak current (ipa) decreased with the DNA concentration rapidly at the initial stage, at which a linear range could be established from 0 to 0.25 mg/ml. With continuous titration of DNA, ipa decreased more and more slowly. However, for Epa it varied linearly with DNA over almost the whole range with a slope at 28.4 mV, in good agreement with the theoretical value of RT/nF = 29.1 mV at 25˚C for the DA system. Generally, the interaction between DNA and other molecules can be regarded to form a supermolecular complex. The composition and equilibrium constant of this complex can be evaluated based on the electrode current or the electrode potential. According to a method proposed by Li, 25 it was assumed that DA and DNA formed a single complex (DNAmDA), DNA + mDA = DNA-mDA.
The equilibrium constant is
because
Therefore,
Introducing Eqs. (3) and (5) into (1) gives
Where ∆I is the peak current difference between the presence and absence of DNA and ∆Imax corresponds to the obtained value when the concentration of DA is extremely higher than that of DNA. As shown in Fig. 7a , a linear curve of 1/∆I vs.
[DA] m could be obtained for m = 1 with a correlated coefficient of 0.995; β was evaluated to be 5.85 × 10 6 M -1 by using the slope of the curve divided by its intercept. It was worth noting that under a low concentration of added DA, a few of the data in the above curve obviously deviated from the line, suggesting that a stable superamolecluar complex formed in the desired concentration range of DA with respect to the concentration of DNA.
In this work, we also found that it was available to obtain the values of m and β through the relationship between the formal potential and the concentration of DNA. Based on this assumption, owing to the formation of a stable complex, the electrode process ought to be changed from a redox reaction of free DA to a redox reaction of the DA complex. According to the deducing process proposed by Bard 26 for a complex, the half potential of the electrode could be expressed as
Where E1/2 b and E1/2 f are the half potential of the bound and free complex forms, respectively.
For a reversible electrode reaction, the half potential could be substituted for the formal potential. A plot of E1/2 b -E1/2 f vs. log CDNA is shown in Fig. 7b ; it was also observed that a linear curve was obtained at a relatively high concentration range of DNA. The slope of this curve is -31.5 mV, which is very close to the theoretical Nerstian slope (-29.6 mV) for the DA system if m = 1. β was calculated to be 4.5 × 10 7 M -1 from the intercept of the curve, slightly higher than the value from that obtained with Li's method. With these results, we concluded that a formal potential method to calculate the composition and equilibrium constant for a DNA interacted system is available, the method suggested by Li.
During calculations of m and β, both of the curves revealed that a linear region could be obtained only in the desired concentration ratio range of DA vs. DNA.
When the concentration of one component was much lower than the other one, the above assumption could not be satisfied. Much of the experimental evidence indicated that under an extreme excess of DA or DNA, the electrostatic interaction was the main binding mode, which could be clearly witnessed by the results shown in Fig. 8 . It revealed that a decrease in the ion strength of the buffer (from 100 mM to 20 mM) did not alter the redox current of the system, but gave rise to a positive shift of the redox peak potentials. Under the latter condition, the addition of a small amount of DNA caused a further shift of the redox peaks with no change in the redox current, which was contrary to the same situation which occurred at a higher ion strength (Fig. 5 ). This experimental phenomenon implied that the electrostatic interaction was the main interaction mode for DA interacting with a small amount of DNA in the buffer at low ion strength. The static interaction between DA and DNA would not interfere with the redox behavior of DA. Along with an increase in the DNA concentration, other kinds of interaction modes were yielded, such as intercalation and the formation of hydrogenbonds. These binding modes disturbed the redox properties of DA, probably by modifying the native structure of DA, which might be the reason for the variations found in the CD, UV and fluorescent curves with and without an interaction with DNA.
Conclusions
The interaction between DA and DNA was thoroughly investigated with CD, UV, fluorescent and electrochemical techniques. The results of CD measurements revealed that although the interaction of DNA with DA did not greatly alter the native structure of DNA molecules, the ion strength of the buffer had a large influence on their binding effects. The interaction of DA with DNA could be verified by a large decrease in the native fluorescent intensity of DA molecules, and a hypochromic effect on the UV spectra. In the present study, because the DA solution exhibited a highly reversible redox behavior at a graphite electrode, we have made more efforts to investigate and interpret this interaction with electrochemical methods. The redox currents and potentials of DA varied with the addition of DNA. The parameters of this binding reaction (m and β) were sought in order to evaluate Li's method and our suggested method. Both methods gave similar results, showing that the interaction of DNA with DA may yield a stable complex with the composition m = 1. This stable complex was merely formed in the desired concentration range of DA and DNA. Furthermore, electrochemical measurements also provided further evidence about the effect of the ion strength of the buffer on the interaction between DA and DNA. By comparing the results shown for the CD, UV and fluorescence experiments, we concluded that the electrostatic interaction was the main interaction mode for the DA-DNA system with one component having an extreme excess. Because DA is a planar molecule, intercalation and hydrogen binding may constitute other interaction modes. Based on the results of UV, fluorescence and electrochemical experiments, DA may be employed as an effective probe for a DNA assay.
